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Abstract 

Two  approaches  to  control  microbiologically  influenced  corrosion  (MIC)  have  been  developed  that  do  not  require  the  use  of 
biocides.  These  strategies  include  the  following:  i)  use  of  biofilms  to  inhibit  or  prevent  corrosion,  and  ii)  manipulation 
(removal  or  addition)  of  an  electron  acceptor,  (e.g.  oxygen,  sulphate  or  nitrate)  to  influence  the  microbial  population.  In 
both  approaches  the  composition  of  the  microbial  community  is  affected  by  small  perturbations  in  the  environment 
(e.g.  temperature,  nutrient  concentration  and  flow)  and  the  response  of  microorganisms  cannot  be  predicted  with  certainty. 
The  following  sections  will  review  the  literature  on  the  effectiveness  of  these  environmentally  friendly,  “green/1  strategies  for 
controlling  MIC. 

Keywords:  Microbiologically  influenced  corrosion,  bio  films,  inhibition,  electron  acceptors 


Introduction 

The  traditional  approach  to  ire ating/control ling 
microbiologically  influenced  corrosion  (MIC)  has 
been  to  use  oxidising  (e.g.  chlorine,  bromine,  ozone) 
or  non-oxidising  (e.g.  glutaraldehyde,  carbamates, 
guanides,  iso thi azolines)  biocides  to  reduce  the 
numbers  and  types  of  organisms  in  a  bulk  medium. 
The  problems  with  this  approach  are  well  documen¬ 
ted.  In  some  cases  oxidising  biocides  can  cause 
corrosion.  Neither  oxidizing  nor  non-oxidizing  bio¬ 
cides  penetrate  biofilms.  Costerton  et  al.  (1994) 
reported  that  bacteria  in  biofilms  were  resistant  to 
antibiotics  and  biocides  at  levels  500  to  5000  times 
higher  than  those  required  to  kill  planktonic  cells  of 
the  same  specks.  Persistent  use  of  a  single  biocide 
treatment  can  allow  more  resistant  microorganisms 
to  develop  and  remain  in  the  biofilm.  Ridgway  et  al. 
(1984)  demonstrated  that  bacteria  previously  ex¬ 
posed  to  chlorine  were  more  resistant  than  those 
never  exposed.  Resistance  to  a  particular  biocide  can 
be  overcome  by  periodically  changing  the  biocide. 
Numerous  investigators  have  observed  a  rapid 
resumption  of  bio  fouling  after  a  biocide  meatment 
or  mechanical  removal  of  cells  from  a  surface. 
Regrowth  or  recovery  may  be  due  to  the  following: 
i)  Remaining  viable  cells  reproducing  a  biofllm. 


ii)  residual  biofilm  imparting  a  surface  roughness 
that  enhances  transport  and  sorption,  or  iii)  oxidation 
of  extracellular  polymeric  substances  and  lysed  cells 
may  provide  nutrients  for  regrowth. 

Videla  et  ah  (2004)  described  three  “environmen¬ 
tally  friendly”  approaches  to  preventing  bacterial 
attachment  as  the  first  step  in  preventing  MIC:  i)  a 
natural  biocide  from  the  black  mustard  Brassia  nigra , 
ii)  film-forming  mixtures  of  amines,  imidazoline  and 
quaternary  ammonium  compounds  and  iii)  immu¬ 
noglobulin  A  (IgA),  However,  there  are  potential 
problems  with  the  three  proposed  approaches.  The 
authors  report  that  the  biocidal  efficacy  of  the  natural 
biocide  was  slightly  Jess  when  used  on  established 
biofilms  and  that  current  use  of  IgA  is  limited  to 
medicinal  applications.  Alkyl  imidazoline  is  a  regis¬ 
tered  pesticide  (US  EPA)  and  is  only  registered  for 
use  in  closed  systems.  Furthermore,  some  amines  are 
toxic  to  animals.  Videla  et  ah  (2004)  reported  that  all 
three  approaches  were  effective  in  reducing  microbial 
populations  or  inhibiting  bacterial  adherence.  None 
of  these  approaches  were  evaluated  for  long-term 
effects  or  their  direct  effect  on  corrosion.  Enzien 
et  al.  (1996)  demonstrated  that  a  film-forming  quat¬ 
ernary  amine  inhibited  microbial  attachment 
under  conditions  found  in  oil  and  gas  production. 
However,  they  cautioned  that  film-forming  inhibitors 
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can  initiate  localised  corrosion  if  film  coverage  is  not 
uniform. 

Within  the  past  few  years ,  two  approaches  to 
control  of  MIC  have  been  developed  that  do  not 
require  the  use  of  biocides.  These  strategies  include 
the  following:  i)  use  of  biofilms  to  prevent  corro¬ 
sion,  and  ii)  manipulation  (removal  or  addition)  of 
an  electron  acceptor  to  influence  the  microbial 
population. 

Corrosion  inhibition  by  biofilms 

Corrosion  inhibition  due  ro  the  presence  and 
activities  of  bacteria  within  biofilms  has  been 
reported  for  carbon  steel  (Pedersen  &  Hermansson, 
1989;  1991;  Hernandez  et  al,  1994;  Jayaraman  et  al 
1997;  1999a)  stainless  steel  (Jayaraman  et  ah  1999a) 
aluminum  2024  (Jayaraman  et  al.  1999b;  Omek  et  al. 
2002;  Zuo  et  al.  2005),  and  copper  (Jayaraman  et  ah 
1999b),  The  mechanisms  most  frequently  cited  for 
corrosion  inhibition  by  biofilms  are  as  follows: 
i)  The  biofilm  forms  a  diffusion  barrier  to  corrosion 
products  that  stifles  metal  dissolution,  ii)  respiring 
aerobic  microorganisms  within  the  biofilm  consume 
oxygen,  decreasing  the  concentration  of  that  reactant 
at  the  metal  surface,  iii)  microorganisms  produce 
metabolic  products  that  act  as  corrosion  inhibitors 
(e.g.  siderophores),  iv)  microorganisms  produce 
specific  antibiotics  that  prevent  the  proliferation  of 
corrosion-causing  organisms  (e.g,  sulphate-reducing 
bacteria  [SRB]). 

Several  investigators  have  demonstrated  that  aero¬ 
bic  bacteria  in  a  biofilm  decrease  the  rate  of 
corrosion  of  mild  steel.  Hernandez  et  al.  (1994) 
observed  increased  polarisation  resistance  (Rp)  when 
mild  steel  was  exposed  to  a  synthetic  seawater 
medium  (nine-salt  solution  [NSS])  containing  Pseu¬ 
domonas  sp.  S9  or  Serratia  marcescms.  The  NSS 
contained  17.6  g  sodium  chloride,  L47  g  sodium 
sulfate,  0.08  g  sodium  bicarbonate,  0.25  g  potassium 
chloride,  0.04  g  potassium  bromide,  1.87  g  hydrated 
magnesium  chloride,  0.41  g  hydrated  calcium  chlor¬ 
ide,  0,008  g  hydrated  strontium  chloride,  0.008  g 
bromic  acid  in  1  1  ultrapure  water.  They  measured  a 
marked  increase  in  Rp  values  for  the  exposures  in  the 
presence  of  either  bacterium  (Table  I),  Surface  bio¬ 
films  were  stained  with  acridine  orange  and  imaged 
with  epifluorescence  microscopy.  Higher  Rp  values 
for  surfaces  colonised  by  S>  marcescms  compared  to 
those  colonised  by  Pseudomonas  sp.  S9  were  attrib¬ 
uted  to  higher  numbers  of  S.  marcescens  cells  attached 
to  the  metal  surface.  Electrochemical  impedance 
spectroscopy  (EIS)  spectra  (Figure  1)  after  immersion 
in  sterile  and  Pseudomonas  sp.  inoculated  NSS 
demonstrated  the  same  basic  trends  indicated  by  the 
Rp  data.  The  phase  angle  vs.  frequency  showed  a 
maximum  at  45°  for  sterile  NSS,  indicating  Warburg- 


Table  I,  Rp  of  mild  steel  (KD-cm3)  after  different  exposure  times 
to  NSS  with  bacteria  (4  cells  mF1)CA)  and  without  (sterile) 
(Hernandez  et  al,  1994  ©  NACE  International  1994). 


Exposure  Tune  (days) 

10 

20 

30 

Pseudomonas  sp,  S9 

28  ±3 

m 

m 

S.  marcescens 

35  ±5 

34  ±  3 

15  ±  2 

Sterile  NSS 

5.0  ±0.5 

4  ±0,5 

3.5  ±  0.5 

(A,Results  correspond  to  a  mean  value  obtained  on  5  specimens  ± 
the  standard  deviation. 

<BThe  system  was  contaminated  after  20  days. 


log  Frequency  (Hz) 

Figure  I,  EIS  spectra  obtained  after  20  days  of  exposure  with  and 
without  Pseudomonas  sp.  S9.  Curves  are  given  for  individual  runs. 
Standard  deviation  between  replicates  was  ±  10%  (Hernandez 
et  al,  1994  ©  NACE  International  1994). 

type  impedance  and  a  diffusion-controlled  reaction. 
In  contrast,  the  maximum  phase  angle  in  bacterial 
suspensions  was  75°  and  the  modulus  vs.  frequency 
indicated  little  corrosion  during  the  first  20  days. 

In  addition,  Hernandez  et  al,  (1994)  concluded 
the  following:  i)  corrosion  inhibition  required  bact¬ 
erial  adhesion;  ii)  the  inhibition  effect  disappeared 
when  in  situ  cells  were  fixed  in  glucaraldehyde; 
iii)  when  cell-covered  carbon  steel  surfaces  were 
transferred  to  nutrient-deficient  synthetic  seawater, 
the  inhibition  continued  despite  the  predicted 
diminished  respiration;  iv)  after  exposure  to  natural 
seawater  the  inhibitive  effect  disappeared  and 
Pseudomonas  could  not  be  located  in  the  biofilm. 

Jayaraman  et  al.  (1997)  designed  experiments  to 
investigate  whether  or  not  corrosion  inhibition  by 
aerobic  biofilms  was  a  general  phenomenon.  They 
used  carbon  steel  (SAE  1018)  coupons  exposed  in  a 
complex  liquid  medium  (Luria-Bertani  [LB]  broth) 
and  an  augmented  synthetic  seawater  Vaatanen  nine- 
salt  solution  (VNSS)  and  15  different  pure-culture 
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bacterial  suspensions  representing  seven  genera. 
Surface  biofilms  were  stained  with  a  viability  assay 
kit  and  imaged  with  a  confocal  microscope*  Com¬ 
pared  to  sterile  controls,  the  mass  loss  in  the 
presence  of  bacteria  decreased  by  2-  to  15-fold  (see 
Table  II),  Corrosion  inhibition  varied  among  the 
genera  and  the  extent  of  corrosion  inhibition 
depended  on  the  nature  of  the  biofilm:  an  increased 
proportion  of  live  cells  decreased  corrosion*  The 
authors  concluded  that  a  thin  layer  of  attached 
actively  respiring  cells  was  required  to  inhibit 
corrosion* 

Eashwar  and  Maruthamuthu  (1995)  reviewed  the 
literature  on  ennoblement  (a  positive  shift  in  corro¬ 
sion  potential  [EcorJ)  of  metals  in  marine  environ¬ 
ments*  They  concluded  that  ennoblement  is  regulated 
by  metabolic  activity  rather  than  the  physical  presence 
of  microorganisms  in  a  biofilm  and  hypothesised  that 
a  strengthening  of  the  passive  film  on  stainless  steel 
alloys  is  si  derophore -assisted,  Siderophores  are  iron- 
chclators  formed  by  bacteria  at  near  neutral  pH, 
Others  have  reported  corrosion  inhibition  properties 
of  siderophores  (McCafferty  &  McArdle,  1992). 
Eashwar  and  Maruthamuthu  (1995)  rationalised  the 
range  of  ennoblement  that  has  been  reported  in  the 
literature  as  due  to  alloy- si  derophore  compatibility, 
i*e*  “an  intrinsic  property  of  the  alloy  to  profit  from  the 
presence  of  the  inhibitor”* 

Jayaraman  et  al*  (1999a)  used  modified  Bacillus 
subtilis  in  a  complex,  nutrient-rich  medium  (modified 
Baar* s)  to  produce  antimicrobial  peptides*  including 
indolicidin  and  bactenerin,  to  inhibit  growth  of  SRB. 
Modified  and  unmodified  B ,  subtilis  biofilms  grown 
on  304  stainless  steels  were  exposed  to  SRB,  EIS  was 
used  to  characterise  the  corrosion  behavior  through 
measurement  of  the  Rp.  In  situ  production  of 


bactenecin  (3*0 -3.5  pg  ml-  l)  by  modified  B.  subtilis 
within  the  biofilm  inhibited  growth  of  SRB  and 
resulted  in  a  12-fold  reduction  in  the  corrosion  rate 
in  comparison  to  unmodified  biofilms.  Omck  et  al. 
(2002)  demonstrated  that  pitting  attack  of  aluminum 
2024  in  LB  medium  was  reduced  by  the  anionic 
peptides*  polyaspartate  and  polyglutamate  secreted 
by  genetically  engineered  and  natural  B.  subtilis 
and  f3*  licheniformiSi  respectively.  Formation  of  an 
aluminum/polyaspanate  or  polyglutamate  complex 
may  have  reduced  the  uniform  corrosion  rate  of 
aluminum* 

Despite  the  laboratory  studies  indicating  possibi¬ 
lities  for  using  bacteria  to  inhibit  corrosion  of  a 
number  of  alloys,  applications  have  not  been  totally 
successful*  Arps  et  al,  (2003)  evaluated  the  concept 
of  corrosion  control  using  regenerative  biofilms  at 
Three  Mile  Island  (TMI)  Nuclear  Power  Station* 
Harrisburg,  PA*  The  field  experiment  was  conducted 
using  a  consortium  of  five  bacteria  (one  polymyxin- 
producing  strain,  Paenibadllus  polymyxa  10401,  and 
four  gramicidin  S  producing  bacillus  strains)  to 
inoculate  service  water  in  a  side  stream  containing 
coupons  of  304  stainless  steel,  1018  carbon  steel, 
and  cartridge  brass  under  different  flow  rates.  Their 
results  indicate  that  the  inhibition  of  corrosion, 
measured  by  reciprocal  polarisation  resistance  (I/Rp, 
instantaneous  corrosion  rate),  by  the  consortium 
was  small  (Figure  2).  Lower  flow  rates  resulted  in 
higher  Ecorr  values.  Pitting  of  brass  specimens  was 
noted  in  the  presence  or  absence  of  the  consortium 
(Figure  3)*  Both  pit  densities  and  pit  areas  were  lower 
for  samples  exposed  to  the  tailored  consortium  or  to 
the  single  organisms  P*  polymyxa  10401.  Neither  1/Rp 
nor  pit  area/density  provide  information  as  to  the 
extent  of  localised  corrosion* 


Tabic  II.  Bacterial  strains,  antibiotic  resistances,  and  corrosion  (mg  cm "  *)  of  SAE  1018  steel  coupons  after  1  week  in  LB  medium  or  VNSS 
medium  with  15  aerobic  bacteria  at  30* C.  Data  represent  the  average  of  three  coupons  and  standard  deviations  are  included  (adapted  from 
Jayaraman  et  al*  1997,  and  reprinted  with  permission  from  Springer-Veriag), 


Bacterium 

Corrosion  in  LB  (mg  cm-2} 

Corrosion  in  VNSS  (mg  cm  *) 

Antibiotic  resistance  (pg  ml-1) 

Sterile  LB  Medium 

1*03  ±  0.14 

1.37  ±0.15 

■Sireptomycei  lividam  TK23. 1 

0*51  ±0.08 

0.24  ±0.03 

thiostrcpion  (50) 

Bacillus  subtilis  v 

0.39  ±  0*06 

did  not  grow 

_ 

Bacillus  circulcms 

0.26  ±  0.06 

0.37  ±  0.05 

*_ 

Rhizobium  meHloti  102F34 

0.18  ±  0*06 

0.17  ±  0.02 

Pseudomonas  fragi  EC 

0,17  ±  0.02 

0.52  ±  0.08 

kanamycin  (100) 

Escherichia  coli  BK6 

0.16  ±0*04 

0.45  ±  0.08 

tetracycline  (25) 

Bacillus  brevis 

0.14  ±0.04 

0.19  ±  0.07 

_ 

Burkholdcria  cepacia  G4 

0.13  +  0.04 

0.22  ±  0.02 

ampicillin  (50) 

Agrobaamtm  tumefaciem  A 1 1 4 

0.13  ±0.03 

0.23  ±  0.05 

_ 

Bacillus  migulanus 

0.11  ±0.02 

0.74  ±  0.07 

_ 

Escherichia  coli  HBl01/pRK20l  3 

0.11  ±0.02 

0.41  ±  0,05 

kanamycin  (50) 

Pseudomonas  mendocina  KJRl 

0.10  ±0.01 

0.14  ±  0.02 

ampicillin  (50) 

Pseudomonas  fluorescent  2-79 

0.09  ±  0.01 

0.36  ±0.11 

ampicillin  (50) 

Pseudomonas  panda  KT2440 

0.09  ±  0.02 

0.38  ±  0.05 

ampicillin  (50) 

Pseudomonas  putida  FI 

0  07  ±  0.01 

0.46  ±  0.02 

ampicillin  (50) 
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Tima  after  Inoculation  (days) 


Figure  2.  Time  dependence  of  (a)  Ecdri  and  (b)  J/Rp  for  mild  steel  disc  specimens  exposed  to  a  bacterial  consortium  containing  five  strains. 
The  test  (A)  and  control  (A)  specimens  at  60.56  cm  (2  ft)  s" 1  were  monitored  for  -  3  weeks  before  the  monitoring  cables  were  switched  to 
brass  specimens  (Arps  et  aL  2002  ©  NACE  Internationa]  2002) . 


Literature  on  corrosion  inhibition  by  biofilm  is 
confusing  because  the  same  organisms  and  mechan¬ 
isms,  which  reportedly  cause  MIC,  can  also  inhibited 
corrosion.  For  example,  Pedersen  et  ah  (1988) 
reported  that  Pseudomonas  sp.  S9  and  Sertatia 
marcescens  EF 1 90  caused  an  increase  in  the  corrosion 
of  iron  and  nickel  compared  to  sterile  conditions* 
They  coated  glass  slides  with  a  layer  of  iron  and 
nickel  and  monitored  corrosion  as  the  appearance  of 
transparent  patches  "at  the  site  of  contact  between 
the  metal  and  the  bacterial  colony’1.  Their  experi¬ 
ments  were  conducted  on  agar  plates  containing 
VNSS  and  Lew  ins  Marine  Medium  (UVLM)  at  20°C, 


The  same  researchers  have  shown  that  Pseudomonas 
sp.  $9  and  S.  marcescens  EF  190  can  have  a  protective 
effect  on  carbon  steel  (ASTM  A619)  in  VNSS  at 
18 -20°C  (Pedersen  &  Hermansson,  1989;  1991). 
Metal  binding  by  extracellular  polymers  has  been 
reported  as  a  mechanism  for  both  MIG  (Geesey  & 
Jang,  1988)  and  for  corrosion  inhibition  (Ford  et  al. 
1988). 

Jigletsova  et  al.  (2004)  and  Rodin  et  ah  (2005) 
examined  the  influence  of  environmental  conditions 
on  corrosion  inhibition  by  biofilms  and  demon¬ 
strated  that  the  division  of  bacteria  into  ones  that 
caused  corrosion  and  ones  that  inhibited  corrosion 


Downloaded  tty:  iNavai  Kesearch  Laboratory]  At:  17:15  12  April  2007 


Prevention  of  MIC  by  \ green  *  strategies  9 1 


Flow  Rate  in  ft/s  (m/s) 


0. 1  (0,03)  1  (0.3)  2  (0.6)  0.1  (0.03)  1  (0.3)  2  (0.6) 

Flow  Rate  in  ft/s  (m/s) 


Figure  3.  Comparative  pitting  results  of  cartridge  brass  specimens  exposed  to  TMI  service  water  in  the  bacterial  consortium  and  single  strain 
experiments:  (a)  relative  pit  area*  and  (b)  density  of  pits  (Arps  et  al.  2002  ©  NACE  International  2002). 


was  entirely  arbitrary  and  that  the  corrosive  proper¬ 
ties  of  biofilms  varied  with  culture  conditions* 
especially  with  culture  medium  composition,  Rodin 
et  al.  (2005)  used  mild  steel  coupons  exposed  to 
a  natural  consortium  of  bacteria*  including  oil- 
oxidising  aerobes  and  SRB  isolated  from  oil- 
processing  waters.  An  increase  in  corrosion  was 
observed  when  coupons  were  transferred  from  LB  to 
a  glucose  minimal  medium  with  peptone  (GMP) 
(Figure  4a).  During  biofilm  formation  in  GMP* 
corrosion  increased  vs,  sterile  control.  However* 
corrosion  decreased  when  coupons  with  biofilms 
were  transferred  into  enriched  LB  medium 
(Figure  4b).  Their  data  indicate  that  environmental 


conditions  determine  the  specific  microbiological 
effect  on  corrosion  processes  -  not  the  individual 
organisms.  Dubiel  et  al,  (2002)  used  EIS  to  evaluate 
corrosion  inhibition  in  the  presence  of  iron-reducing 
bacteria.  They  concluded  chat  the  physiology  of  the 
bacteria  in  the  biofilm*  the  flow  rate  and  the 
chemistry  of  the  electrolyte  determine  the  ultimate 
impact  of  microorganisms  on  corrosion. 

Webster  and  Newman  (1994)  also  examined  the 
impact  of  media  constituents  on  localised  corrosion 
of  an  Fe-15Cr-10Ni  stainless  steel  and  observed 
that  localised  corrosion  would  not  readily  occur 
unless  chloride  ion  was  the  predominant  anion  in 
the  medium.  They  concluded  that  chloride  must  be 
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-  L0  sterile; 

*  LB  inoculated; 

*  GMP  followed  LB  (inoculated). 


-  -A-  -  -GMP  sterile 
— A —  -  GMP  inoculated; 

#  -  L8  followed  GM  P  (inocu  lated). 


Figure  4.  The  dynamics  of  corrosion  losses  with  nutrient  replacement:  (a)  The  biofilm  grown  in  LB  was  transferred  into  GMP;  (b)  the 
biofilm  grown  in  GMP  was  transferred  into  LB  medium  (Rodin  et  al.  2005  ©  NACE  International  2005). 


present  in  a  concentration  at  least  comparable  to 
that  of  all  other  anions  combined,  otherwise 
corrosion  was  inhibited  even  at  high  H2S  concen¬ 
trations  up  to  500  ppm.  Reduction  of  the  ratio  of 
Cl“  ions  to  other  anions  increased  the  rime  to 
initiation  and  decreased  the  rate  of  propagation  of 
the  corrosion.  Other  corrosion  investigators  have 
concluded  that  extra  nutrients  cannot  be  added  to 
stimulate  ba aerial  growth  if  those  nutrients  inhibit 
corrosion  by  adding  too  many  non-chloride  ions 
(Ringas  &  Robinson,  1988).  Anions  (e.g.  sulfate, 
hydroxide,  phosphate,  acetate,  carbonate  and 
nitrate)  can  inhibit  pitting  corrosion.  It  is  possible 
that  bacterial  consumption  and  fixation  of  nutrients, 
including  sulfate  could  render  an  initially  inhibi¬ 
ting  solution  aggressive  by  removing  non-chloride 
ions. 

An  additional  complication  in  the  interpretation 
of  the  laboratory  studies  on  bio  film  inhibition  of 
corrosion  is  the  effect  of  culture  media  on  electro¬ 
chemical  measurements  and  on  corrosion  reactions. 
Most  of  the  laboratory  studies  on  corrosion  inhibi¬ 
tion  have  been  conducted  in  laboratories  with 
nutrient-rich  media.  The  impact  of  nutrients  on 
electrochemical  measurements  and  MIC  was  inves¬ 
tigated  by  Webster  and  Newman  (1994).  They 
observed  interferences  in  electrochemical  measure¬ 
ments  when  yeast  extract  was  included  in  the  culture 
medium/electrolytc.  The  interferences  were  removed 
when  the  yeast  extract  was  removed.  Many  of  the 


nutrient-rich  media  used  in  the  cited  laboratory 
studies  on  corrosion  inhibition  contained  yeast 
extract.  Modified  Baaris  medium  contains  10  gl” 1 
tryptone,  5  g  I-1  yeast  extract,  and  10  g  I”1  NaCL 
The  LB  medium  contains  10  g  l-1  tryptone,  5  g  1“  1 
yeast  extracts  and  10  g  1™!  NaCL  VNSS  consists  of 
1.0  g peptone,  0.5  g  glucose,  0.5  g  starch,  0.5  g  yeast 
extract,  0.01  g  hydrated  ferrous  sulfate,  0.01  g 
NaHP04  and  1,000  ml  of  NSS.  Studies  on  corrosion 
inhibition  in  complex  media  have  compared  corro¬ 
sion  in  sterile  and  inoculated  media,  but  none  have 
carefully  studied  the  impact  of  media  constituents  on 
the  electrochemical  parameters  used  to  quantify 
corrosion. 

Alter  potential  electron  acceptors  to  inhibit  specific 
groups  of  bacteria 

Both  removal  and  addition  of  electron  acceptors  has 
been  used  as  a  means  of  controlling  microbial 
populations  and  MIC  in  seawater  injection  systems 
where  seawater  is  injected  into  oil  reservoirs  to 
maintain  pressure.  In  these  applications,  oxygen  is 
removed  to  minimise  corrosion.  However,  in  the 
anaerobic  environment,  growth  of  SRB  is  encour¬ 
aged  and  corrosion  of  iron  and  steel  alloys  is  the 
result.  The  concentration  of  sulfate  in  seawater 
is  >2.0  g  1"  *,  Rizk  et  al.  (1998)  used  nanofiltration 
to  reduce  sulfate  in  seawater  from  2.6gl“l  to 
50  mg  i”  ■  In  laboratory  studies  they  were  able  to 
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demonstrate  that  the  amount  of  hydrogen  sulfide  was 
a  direct  function  of  the  amount  of  sulfate  in  the 
water.  The  authors  discussed  the  implication  for 
corrosion  but  did  not  make  corrosion  measure¬ 
ments,  In  contrast  Jhobalia  et  al.  (2005)  demon¬ 
strated  that  high  sulfate  concentration  in  the  medium 
(increases  from  1.93  g  1“ 1  to  6.5  gl"1)  could  inhibit 
growth  of  Destdfovibrio  desulfuncans  and  the  corrosion 
rate  of  mild  steel  (Figure  5a  &  b).  Corrosion  was 
directly  related  to  numbers  of  SRB  in  the  bulk 
medium.  Cells  were  counted  using  a  haceytometer. 
The  authors  hypothesised  that  the  observation  was 
due  to  increasing  toxicity  of  sulfate  towards  SRB 
metabolism  or  sulfate  reduction. 


Laboratory  and  field  experiments  have  demon¬ 
strated  that  nitrate  treatment  can  be  an  effective 
alternative  to  biocide  treatment  to  reduce  the 
numbers  of  SRB  and  their  activity*  a  process  known 
as  biocompetitive  exclusion.  The  addition  of  nitrate 
can  induce  a  shift  in  the  dominant  population  from 
SRB  to  nitrate-reducing  bacteria  (NR B).  Nitrate 
treatment  was  implemented  on  an  oil  platform  in  the 
North  Sea  (Veslefrikk)  (Thorstenson  et  al.  2002), 
The  change  from  glutaraldehyde  treatment  to  nitrate 
resulted  in  a  substantial  change  in  the  bacterial 
community.  The  SRB  population  decreased  and 
the  numbers  of  NRB  increased  (Figure  6),  After  4 
months  of  nitrate  addition  the  activity  of  SRB  in  the 


(a) 


1-93  2.5  3.5  4.5  6.5 

[SO/*]  concentrator!  /  (g/l) 


Figure  5.  (a)  SRB  growth  with  time  at  different  initial  sulfate  concentrations  in  anaerobic  viais  (Jhobalia  et  al.  20Q5  ©  MACE  International 
2005).  (b)  Corrosion  rate  (weight  loss)  at  different  initial  sulfate  concentrations  in  the  medium  after  inoculation  at  37® C.  Weight  loss  was 
measured  at  the  end  of  7  days  (Jhobalia  ct  al.  2005  ©  NACE  International  2005). 
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Figure  6.  Number  of  bacteria  in  biofilm  using  two  detection  techniques:  fluorescent  antibody  (FA)  and  most  probable  number  (MPN). 
Column  marked  NRB1  shows  number  of  cells  in  MPN  series  targeting  facultatively  anaerobic  NRB,  and  column  marked  MRB2  shows 
number  of  cells  in  MPN  series  targeting  obligatory  anaerobic  NRB  (Thorstenson  et  al.  2002  ©  NACE  International  2002 )♦ 


biofilm  was  markedly  reduced  as  measured  with 
respiratory  methods  and  an  enrichment  of  NRB  was 
measured.  After  32  months’  nitrate  treatment,  SRB 
numbers  were  reduced  20,000-fold  and  SRB  activity 
was  reduced  50-fold.  Corrosion  measurements 
decreased  from  0.7  mm  year^1  to  0.2  mm  year-1. 
Similar  applications  have  been  made  to  reduce 
souring  (Larsen,  2002;  Larsen  et  al.  2004).  Gullfaks 
platforms  (Sunde  et  al.  2004)  have  been  treated  with 
nitrate  to  reduce  H2S  production.  A  1000-fold 
reduction  in  SRB  numbers  and  a  10  to  20-fold 
reduction  in  sulfate  respiration  activity  and  a 
50%  reduction  in  corrosion.  The  authors  suggest 
that  reservoir  characteristics  and  nutrient  availability 
have  a  significant  impact  on  the  effectiveness  of 
nitrate  injection. 

Voordouw  et  al.  (2002)  and  Hubert  et  al.  (2006) 
demonstrated  a  nitrate-reducing,  sulfide  oxidising 
bacterium  capable  of  reducing  nitrate  to  nitrite, 
nitrous  oxide  or  nitrogen  and  oxidising  sulfide  to 
sulfate  or  sulfur.  The  stoichiometry  of  the  reactions 
catalysed  by  the  organism  depends  on  the  ratio  of 
sulfide  to  nitrate.  Dunsmore  et  al.  (2004)  isolated  an 
organism  from  a  Danish  North  Sea  oilfield  water 
injection  system  that  had  been  continuously  treated 
with  nitrate  since  the  start  of  the  injection.  This 
species,  a  SRB,  could  reduce  nitrate  and  produce 
ammonium  in  the  presence  of  sulfate,  increasing  the 
likelihood  of  corrosion. 

Hubert  et  al.  (2004)  demonstrated  that  both 
nitrate  and  nitrite  are  effective  treatments  for  de¬ 
creasing  sulfide  concentrations  (Table  III).  The  re¬ 
quired  dose  depended  on  the  concentration  of  oil 
organics  used  as  the  energy  source  by  the  microbial 
community.  Because  of  its  higher  oxidative  power, 


Table  III.  Weight  loss  of  coupons  buried  in  the  sand  matrix  of 
biortactors  in  response  to  nitrate  treatment  (Hubert  ct  al.  2004  © 
NACE  International  2004). 


Treatment 

Weight  loss  (%) 1 

None 

8.3  ±  5.3 

Nitrate  (17.5  mM) 

4.7  ±  1.3 

Nitrite  (20  mM) 

0.7  ±  0.2 

Control2 

0.8  ±  0.1 

Average  for  15  corrosion  coupons  (±SD).  Total  incubation  time 
-IlOd. 

incubated  in  the  absence  of  nitrate  or  nitrite  for  45  days 
(batchwise  and  increasing  flow  rate  periods  only). 


nitrate  can  remove  more  oxidisable  oil  organics  than 
nitrite.  However,  nitrite  is  a  strong  inhibitor  of  SRB. 

The  success  of  nitrate  addition  relies  on  a  popu¬ 
lation  of  nitrate-utilising  bacteria  in  the  system. 
Hubert  et  al.  (2006)  suggested  that  bioaugmentation, 
in  which  ex  situ  grown  microorganisms  could  be 
injected  with  the  nitrate  if  indigenous  NRB  were 
lacking.  Despite  the  possibility  of  bio  augments  lion, 
there  are  several  reports  of  failures.  Bouchez  et  al, 
(2000)  attempted  to  inoculate  a  nitrifying  sequencing 
batch  reactor  with  an  aerobic  denitrifying  bacterium. 
The  added  bacterium  disappeared  after  two  days. 
Similarly,  Hubert  et  al.  (2004)  reported  that  intro¬ 
duction  of  microorganisms  into  natural  communities 
is  difficult. 

Both  the  addition  and  removal  of  oxygen  have 
been  proposed  as  corrosion  control  measures. 
Khanal  and  Huang  (2003)  demonstrated  that  oxy¬ 
genation  was  effective  in  controlling  sulfides  during 
anaerobic  treatment  of  high-sulfate  wastewater. 
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However*  SRB  in  biofilms  depend  on  other  organisms 
to  remove  oxygen  and  produce  nutrients*  so  they  can 
survive  in  aerated  systems.  Furthermore*  oxygen 
exacerbates  the  problem  of  corrosion,  Hamilton 
(2003)  proposed  a  model  for  MIC  in  which  he 
concluded  that  several  MIC  mechanisms  involved  a 
process  of  electron  transfers  from  base  metal  to  oxygen 
as  the  ultimate  electron  acceptor  through  a  series  of 
coupled  reactions.  The  specific  coupled  reactions 
varied  with  mechanism  and  causative  organism.  In 
the  case  of  SRB*  sulfate*  an  intermediate  electron 
acceptor,  is  reduced  to  sulfide  that  reacts  with  a  metal 
to  form  a  corrosion  product  that  ultimately  transfers 
electrons  to  oxygen.  Consistent  with  that  model*  most 
reported  cases  of  SRB  induced  corrosion  are  in 
environments  with  some  dissolved  oxygen  in  the  bulk 
medium  (Hardy  &  Bown*  1984;  Lee  et  al.  1993). 

Removing  oxygen  from  seawater  has  been  proposed 
as  a  corrosion  control  measure  for  unprotected  carbon 
steel  ballast  tanks.  Matsuda  et  al.  (1999)  conducted 
shipboard  trials  by  sealing  a  ballast  tank  at  the  deck 
and  installing  vertical  pipes  into  the  headspace.  They 
reported  that  pumping  pure  nitrogen  gas  into  the 
headspace  for  1 .5  h  reduced  oxygen  levels  in  the 
seawater  to  approximately  0.2mgl_1  and  decreased 
the  rate  of  uniform  corrosion  of  carbon  steel  by  90% 
as  determined  by  weight  loss.  However*  in  laboratory 
experiments*  Lee  et  al.  (2004)  compared  corrosion  of 
1020  carbon  steel  resulting  from  stagnant  aerobic 
natural  seawater  with  corrosion  resulting  from  stag¬ 
nant  anaerobic  natural  seawater  over  a  one-year 


period  (Figure  7).  They  demonstrated  the  following: 
i)  corrosion  was  more  aggressive  under  totally 
anaerobic  conditions  as  measured  by  1/Rp  and  weight 
loss*  ii)  under  aerobic  conditions  corrosion  was 
uniform  and  the  surface  was  covered  with  iron  oxides 
(Jepidocrocite  and  goethite)*  iii)  under  anaerobic 
conditions  the  corrosion  was  localised  pitting  and 
the  corrosion  products  were  mac  kina  wire  and  pyr- 
rothite,  and  iv)  under  anaerobic  conditions  1/Rp 
depended  on  coupon  position  where  rows  1-4  were 
positioned  from  top  to  bottom.  Lee  et  al.  (2005) 
designed  field  experiment  to  evaluate  deoxygenation 
of  natural  seawater  as  a  corrosion  control  measure  for 
unprotected  carbon  steel  seawater  ballast  tanks.  They 
demonstrated  the  difficulty  of  maintaining  hypoxic 
seawater.  Using  a  gas  mixture  it  was  possible  to 
displace  dissolved  oxygen.  However*  aerobic  respira¬ 
tion  and  corrosion  reactions  consumed  oxygen  and 
produced  totally  anaerobic  conditions  within  the  first 
days  of  hypoxia.  When  gaskets  and  seals  failed*  oxygen 
was  inadvertently  introduced.  The  impact  of  oxygen 
ingress  on  corrosion  depends  on  the  amount  of 
oxygen  in  the  system  at  the  time  oxygen  is  introduced. 
Carbon  steel  exposed  to  cycles  of  hypoxic  seawater 
and  oxygenated  atmosphere  had  higher  corrosion 
rates  than  coupons  exposed  to  cycles  of  either 
consistently  aerobic  or  deoxygenated  conditions. 
Technologies  are  commercially  available  for  the 
deoxygenation  of  seawater  for  ballast  tanks.  There 
are  no  data  on  the  long-term  benefits  of  these 
treatments  on  corrosion  inhibition. 


Exposure  Time  (Days) 

Figure  7.  In  laboratory  experiments  using  2020  carbon  steel,  the  corrosion  resulting  from  stagnant  aerobic  natural  seawater  was  compared 
with  corrosion  resulting  from  stagnant  anaerobic  conditions  (Lee  et  al.  2004). 
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Discussion 

It  is  difficult  to  compare  the  laboratory  studies  on 
corrosion  inhibition  due  to  biofilms  because  of  the 
differing  experimental  conditions,  organisms  and 
culture  conditions.  The  following  critical  issues  must 
be  addressed  before  bacteria  can  be  used  to  predic¬ 
tably  inhibit  corrosion:  i)  The  stochastic  nature  of 
biofilms,  and  ii)  contamination  and/or  natural  com¬ 
petition,  One  of  the  fundamental  assumptions  in 
much  of  the  work  on  corrosion  inhibition  by  biofilms  is 
that  biofilm  formation  is  predictable  and  controllable. 
Microorganisms  colonise  all  engineering  materials, 
but  there  is  a  stochastic  nature  to  areal  coverage  and 
thickness  that  has  never  been  successfully  modeled. 
Bacteria  in  pure  cultures  or  in  consortia  do  not  form 
uniform,  predictable  biofilms.  Growth  rate  depends 
on  substratum,  available  nutrients,  temperature  and 
electron  acceptors.  Cells  within  biofilms  die  and  can 
cause  aggressive  corrosion.  Clumps  of  cells  can  slough 
&om  the  surface  transforming  a  homogeneous  biofilm 
to  a  patchy  one.  Furthermore,  biofilm  composition  is 
affected-  by  small  perturbations  in  the  environment 
(eg-  temperature,  nutrient  concentration,  and  flow). 
The  response  of  microorganisms  within  biofilms 
cannot  be  predicted  with  certainty.  Natural  competi¬ 
tion  by  extraneous  organisms  can  alter  the  microbial 
constituents  of  a  biofilm.  Hernandez  et  ah  (1994) 
observed  contamination  of  controls  after  brief  experi¬ 
ments  (20  days)  and  a  change  in  microbial  composi¬ 
tion  of  biofilms  after  introduction  into  a  natural 
system.  The  bigger  problem  is  that  most  investigators 
do  not  evaluate  the  microbial  population  at  the  end  of 
the  experiment  and  have  no  insight  into  possible 
contamination  or  changes  in  the  engineered  biofilm. 

Nitrate/ni trite  supplementation  is  a  new  technol¬ 
ogy  and  some  work  is  underway  to  carefully  charac¬ 
terise  the  bacteria  that  are  developing  in  nitrate-rich 
water,  NRB  reduce  nitrate  to  N2  with  several 
possible  intermediates,  including  nitrite.  There  are 
several  potential  mechanisms  for  the  observed  inhibi¬ 
tion  of  SRB  due  to  addition  of  nitrate.  One  of  these  is 
competition  for  carbon  sources.  When  competing  for 
the  same  carbon  source,  NRB  out-compete  SRB 
because  nitrate  is  a  stronger  oxidiser  than  sulfate. 
This  argument  is  valid  only  in  carbon-limited  waters, 

T oxic  reacti on  produ cts  from  the  reducti on  of 
nitrate  to  N2  may  inhibit  SRB.  A  shift  in  the  redox 
potential  in  the  system  may  also  inhibit  SRB.  As  a 
consequence  of  nitrate  reduction,  the  redox  potential 
will  likely  increase,  producing  unfavorable  conditions 
for  sulfate  reduction. 

The  conflicting  results  between  the  corrosion 
experiments  of  Matsuda  er  al,  (1999)  and  Lee  et  al. 
(2004)  using  deoxygenation  may  be  due  to  method 
of  dissolved  oxygen  removal,  Matsuda  et  ah  (1999) 
used  bubbled  pure  nitrogen  gas,  while  Lee  et  ah 


(2004)  used  an  anaerobic  hood  that  contained  a 
mixture  of  nitrogen,  carbon  dioxide,  and  hydrogen 
gases.  As  discussed  by  Lee  et  al,  (2007),  bubbling 
nitrogen  gas  into  seawater  not  only  displaced 
dissolved  oxygen  but  also  displaced  dissolved  carbon 
dioxide,  which  provides  the  buffering  capacity  of 
seawater.  Displacement  of  dissolved  carbon  dioxide 
by  pure  nitrogen  gas  raised  the  pH  of  natural 
seawater  from  8,0  to  over  9,0,  creating  a  less 
conducive  environment  for  bacterial  growth,  parti¬ 
cularly  SRB.  In  comparison,  seawater  maintained  in 
an  anaerobic  hood  with  mixed  gases  had  a  pH  of 
between  6.5  and  7,0,  with  elevated  levels  of  SRB  and 
biotic  sulphide. 

Conclusions 

Bioddes  control  MIC  by  decreasing  the  microbial 
population,  whereas  control  by  manipulation  of 
electron  acceptor  and  by  corrosion  inhibiting  biofilms 
relies  on  stimulation  or  retardation  of  specific  micro¬ 
bial  populations.  Corrosion  inhibition  due  to  biofilms 
has  been  demonstrated  in  the  laboratory  for  several 
microorganisms  on  several  metals  and  alloys,  but  has 
never  been  demonstrated  in  a  field  application. 
Controlling  electron  acceptor  (e.g.  oxygen,  sulfate 
and  nitrate)  concentration  has  been  used  successfully 
in  limited  commercial  applications.  All  applications 
have  been  limited  to  seawater.  Nitrate  addition  and 
sulfate  removal/reduction  both  attempt  to  control 
MIC  due  to  SRB,  The  long-term  consequences  on 
the  microbial  populations  and  MIC  are  unknown. 
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